ABSTRACT Anastrepha fraterculus (Wiedemann, 1830) is the main pest of temperate climate orcharding. The study investigated the development of A. fraterculus related to phenological stage of blueberry, blackberry, strawberry guava, and Surinam cherry trees. The phenological stages I (green fruits), II (intermediate ripening stage of fruits), and III (fruits close to harvesting) were determined, and they are from 8th, 10th, and 11th week; 6th, 8th, and 9th week; 8th, 13th, and 16th week; and 5th, 6th, and 7th week after the first flowering of blueberry, blackberry, strawberry guava, and Surinam cherry trees, respectively. We collected fruits from orchards to determine the infestation index using the formula: number of pupa/fruit weight. To investigate the development of A. fraterculus, we determined the following biological parameters: egg-to-adult period, weight of pupae, oviposition period, fecundity, number of pupae, and number of infested fruits. The infestation index for the fruits collected in the field was greater in strawberry guava and Surinam cherry fruits. In the laboratory, the development of A. fraterculus occurred in stage III of blueberry. In blackberry, besides stage III, we also observed the development in stage II, however, at lower infestation. In strawberry guava, the development of A. fraterulus occurred in stages II and III, and the development in both stages was similar. For Surinam cherry, the development occurred in the three phenological stages with similar values for biological parameters. Overall, of the four hosts studied, the strawberry guava and Surinam cherry fruits allowed a better biological development of A. fraterculus, corroborating its preference for fruits native to Brazil.
Introduction
The South American fruit fly [Anastrepha fraterculus (Wiedemann, 1830) (Diptera: Tephritidae)] is one of the main pests of fruit orchards in South America. A. fraterculus is distributed from southern Texas in the United States to northern Argentina (Calkins and Malavasi 1995) . It is the main fruit pest in the southeastern states in Brazil, requiring control measures to prevent economic loss (Harter et al. 2010) .
In Brazil, 81 hosts of A. fraterculus have been identified, and the families Myrtaceae species and Rosaceae are among the favorite fruit trees (Salles 1995 , Zucchi 2008 . The native fruit trees like the strawberry guava [Psidium cattleianum Sabine, 1821 (Myrtaceae)] and the Surinam cherry [Eugenia uniflora L., 1753 (Myrtaceae)] are considered multiplying hosts of A. fraterculus and, thus, are sources of infestation in peach orchards [Prunus persica (L.) Batsch, 1801 (Rosaceae)] and apple trees [Malus domestica Borkhausen, 1803 (Rosaceae) ] that have commercial importance to the southern states of Brazil.
The cultivation of small fruits like blueberry [Vaccinium ashei (Reade, 1931 ) (Ericaceae)] or blackberry [Rubus sp. (Rosaceae) ] and native fruits like the strawberry guava and Surinam cherry has increased recently. In Brazil, the cultivation of blueberry, blackberry, and Surinam cherry covers an area of approximately 150, 250, and 300 ha, respectively (Strik et al. 2007 , Fachinello 2008 , Franzão and Melo 2012 . Most commercial fruits of Surinam cherry and strawberry guava come from native areas.
The losses caused by A. fraterculus to small fruits and particularly native fruits are limiting production factors. To date, information is scarce and is related to the occurrence of A. fraterculus in blackberry, strawberry guava, and Surinam cherry fruits (Salles 1995) , while for blueberry, there are no records of attacks to fruits. Information on the effects of different phenological stages of the fruit on the larval development of A. fraterculus is important for pest management. Therefore, this study identified the phenological stage of blueberry, blackberry, strawberry guava, and Surinam cherry fruits susceptible to the development of A. fraterculus.
Materials and Methods
Definition of Maturation Stages. We studied the development of blueberry, blackberry, strawberry guava, and Surinam cherry fruits after flowering, in order to characterize three phenological stages based on physical and chemical characteristics (Table 1) , and through field observation using the methodology described by Antunes et al. (2000) . The study was carried out in orchards of Embrapa Temperate Climate (CPACT) with clonal selections. Stage I (green fruits), II (intermediate ripening stage of fruits), and III (fruits close to harvesting) were defined as the 8th, 10th, and 11th week of blueberry; 6th, 8th, and 9th week of blackberry; 8th, 13th, and 16th week of strawberry guava; and 5th, 6th, and 7th week of Surinam cherry after the first flowering (Fig. 1) .
The physical and chemical analyses of the fruits were performed in the Laboratory of Food Science and Technology of Embrapa Temperate Climate. The analyses were performed according to the methodologies proposed by Instituto Adolfo Lutz (1985) . For the physical analysis, the average weight of fruits was obtained from a sample of approximately 150 fruits (for each fruit tree and stage of interest) on a semi-analytical scale (Shimadzu of Brazil, BL model 3200 with 0.01 g precision).
For the chemical analysis, it was determined the total soluble solids (TSS), titratable acidity (ATT) with sodium hydroxide, and the concentration of hydrogen ions (H þ ) (pH), and all the analyses were made in triplicate. The TSS was determined from a sample of the extraction of approximately 150 fruits, using a microprocessor (Walita model 320 [Varginha, Minas Gerais] ).
For the reading of TSS, a digital refractometer was used with automatic temperature compensation, expressing the results in Brix. For the AAT, 10 ml of homogenized juice was diluted in 90 ml of distilled water, and subsequently it was titrated with a solution of 0.1 N NaOH. Infestation of A. fraterculus. Blueberry, blackberry, strawberry guava, and Surinam cherry fruits were collected weekly from the first flowering to harvesting, and from a single orchard corresponding to the periods of 9 December 2011 to 9 January 2012, from 7 October 2011 to 6 January 2012, from 14 November 2011 to 26 March 2012, and from 19 September 2011 to 13 December 2011, respectively. We collected 50 fruits per week for each developmental stage of each plant host. The fruits were transported to the laboratory; groups of 10 fruits were formed and stored in plastic containers (11 by 11 by 3.5 cm 3 ; length by width by height) containing a 5-cm layer of medium-textured vermiculite. Afterwards, the containers were packed in a room with conditions controlled (25 6 2 C, 70 6 10% relative humidity (RH), and a photoperiod of 12:12 [L:D] h), where they remained for 30 d for counting the number of pupae.
The infestation index was determined by the number of pupae in the three developmental stages of the fruits, using the formula: number of pupae/average fruit weight. The infestation data were used to prepare graphs of population fluctuation regarding the three developmental stages of the fruit in the years 2010-2011. In addition to collecting fruit to check natural infestation, adults of A. fraterculus were monitored during the fructification period, using three McPhail traps in each orchard, with protein-hydrolyzed baits at 3%. The traps were inspected weekly to change the hydrolyzed protein and count the number of adults of A. fraterculus captured. ; length by height). The cages were fixed on the branches with strings. When the fruits reached the developmental stages I, II, and III, they were collected for the biological analyses in the lab. ; length by width by height), according to the methodology of Machotta et al. (2010) . After this period, the fruits were identified individually in plastic containers (5.0 by 6.0 by 4.0 cm 3 ; length by width by height), which were closed with TNT type fabric (nonwoven fabric) tied with a rubber band. The fruits were placed on a vermiculite layer of medium texture to absorb excess moisture and avoid contamination.
After the 10th day, daily observations were carried out to determine the pupation date. The pupae were counted, weighed, and transferred to acrylic tubes (2.5 by 4.8 by 2.5 cm 3 ; length by width by height) containing medium-texture vermiculite, where they remained until the emergence of adults. For the immature stages of development, the egg-adult period, weight, and number of pupae per fruit as well as the number of infested fruits were determined.
The biological parameters for the adult stage were obtaned from 25 couples of upto 24 h for each treatment. The pairs were placed in cages of transparent plastic containers (500 ml) on an acrylic plate, containing holes (8 mm) at the top for air circulation. The pairs were fed with a solid diet based on brown sugar, wheat meal, and soy protein at the ratio 1:1:3, respectively, supplied in plastic containers (4.0 g). Water was offered by capillarity in acrylic containers (10 ml) through dental roll of cotton wool.
We registered daily the number of eggs and adult mortality to determine the period of oviposition, fecundity, and longevity of males and females. Fecundity was determined using an artificial fruit cage, elaborated with 75.0 ml of blackberry juice, 3.5 g of agar, 0.4 g methyl-parahydroxybenzoate (Nipagin), and 350 ml of distilled water, as described by Salles (1992) . After mixing these ingredients at a boiling point, the liquid was placed in oval trays and, after solidification, it was wrapped in a plastic sheet (Parafilm) in order to avoid the direct contact of the fly with the ingredients Fig. 1 . Schematic representation of the maturation stages of blueberry (0-flowering; I-8 weeks after flowering; II-10 weeks after flowering; and III-11 weeks after flowering), blackberry (0-flowering; I-6 weeks after flowering; II-8 weeks after flowering; and III-9 weeks after flowering), strawberry guava (0-flowering; I-8 weeks after flowering; II-13 weeks after flowering; and III-16 weeks after flowering), and Surinam cherry (0-flowering; I-5 weeks after flowering; II-6 weeks after flowering; and III-7 weeks after flowering).
of the artificial fruit. The ingredients were offered to pairs of A. fraterculus and replaced on a daily basis to determine the period of oviposition and fecundity.
Statistical Analysis. The data on the egg-adult period, oviposition, and longevity of males and females were analyzed through the statistical program R (R Development Core Team 2011), using the technique of survival analysis. For each period, the survival curves of each treatment were determined considering the Kaplan-Meier estimator, which were compared by the Log-rank test. The data on pupae weight were subjected to the analysis of variance (ANOVA), performed by the GLM procedure of SAS (SAS Institute 9.2, 2002), and the means of the treatments were compared by the Tukey test (P < 0.05). The data on the variable number of pupae and fecundity were submitted to analysis of generalized linear models using the GEN-MOD procedure of SAS (SAS Institute 9.2, 2002), and the least squares were compared in the Chi-square test (P < 0.05).
Results
In the four orchards, adults of A. fraterculus were collected, indicating the presence of the pest in the area (Fig. 2) . Fruits collected in the field showed the occurrence of A. fraterculus in blueberry in the 13th week after the first flowering, possibly from subsequent blooming, as ripe fruits collected prior to and after this date were not infested (Fig. 3A) . The infestation index was 2.01 pupae per fruit (Table 2) . In blackberry, A. fraterculus was registered in the 10th week after the first flowering for 20 d (Fig. 3B) , totaling an infestation index of 0.49 and 3.96 pupae per fruit, for the phenological stages II and III, respectively (Table 2) . For blackberry, the presence of A. fraterculus was observed for a longer period ( Fig. 3C and D) . In strawberry guava, the first insects were observed in the 13th week after the first flowering in fruits of stage II and, in the following weeks, of stage III, with an infestation index of 24.54 and 22.96 pupae per fruit, respectively (Table 2) . For Surinam cherry, the first insects were observed in the 6th week after the first flowering in fruits of phenological stage II (14.68 pupae per fruit), and in the following weeks, insects were also recorded in stages III (10.86 pupae per fruit) and I (20.00 pupae per fruit; Fig. 3D ; Table 2 ).
The larval development of A. fraterculus in the phenological stages of fruits observed in the field was proven in laboratory experiments, observing, however, that some of the stages did not offer favorable conditions for insects (Table 3) . For blueberry, laboratory development occurred only in stage III of maturation, and the length of preimaginal was similar to the other hosts (Table 3) . For blackberry, the development of A. fraterculus occurred in stages II and III of the fruit, and significant differences were observed in the duration of the egg-adult period (v 2 ¼ 7.1; df ¼ 1; P ¼ 0.0078; Table 3 ), longevity of females (v 2 ¼ 4.7; df ¼ 1; P ¼ 0.0296; Fig. 4A ), and longevity of males (v 2 ¼ 10.9; df ¼ 1; P ¼ 0.0009; Fig. 4B ). For the weight of pupae (F ¼ 2.08; df ¼ 1; P ¼ 0.15), number of pupae (v 2 ¼ 0.15; df ¼ 1; P ¼ 0.69), oviposition period (v 2 ¼ 1.4; df ¼ 1; P ¼ 0.24), and fecundity (F ¼ 2.51; df ¼ 1; P ¼ 0.1241), no significant differences were observed (Table 3) . For strawberry guava, the development of A. fraterculus in lab also occurred in stages II and III, and significant differences were observed in the egg-adult period (v 2 ¼ 11.40; df ¼ 1; P ¼ 0.0007), weight of pupae (F ¼ 53.55; df ¼ 1; P ¼ 0), number of pupae (v 2 ¼ 16.1; df ¼ 1; P ¼ 0.0001), and fecundity (F ¼ 4.09; df ¼ 1; P ¼ 0.043; Table 3 ). For the oviposition period (v 2 ¼ 0.6; df ¼ 1; P ¼ 0.42), longevity of females (v 2 ¼ 0.4; df ¼ 1; P ¼ 0.52) and males (v 2 ¼ 0.4; df ¼ 1; P ¼ 0.55), no significant differences were observed ( Fig. 4A and B) . In Surinam cherry, the development of A. fraterculus was observed in the three maturation stages (Table 3 ). For the duration of the egg-adult period, significant differences were observed, which were higher for fruits in stage III (v 2 ¼ 19.1; df ¼ 2; P ¼ 0). The weight of pupae was greater for insects reared on fruits in stage III (F ¼ 14.86; df ¼ 2; P ¼ 0.0001), while the number of pupae obtained was greater in stage II compared with the others, differing significantly among each other (v 2 ¼ 41.34; df ¼ 2; P ¼ 0.0001). The oviposition period differed significantly between treatments, and was greater in stages II and III (v 2 ¼ 22.8; df ¼ 2; P ¼ 0). A similar behavior was registered for fecundity, as females reared in stage III had greater fecundity than females of other stages (F ¼ 9.55; df ¼ 2; P ¼ 0.0004). Insects reared in stage III also had greater longevity than those reared in stage II, which, in turn, had greater longevity than those in stage I, differing significantly among each other, for both females (v 2 ¼ 35.8; df ¼ 2; P ¼ 0) and males (v 2 ¼ 70.2; df ¼ 2; P ¼ 0; Fig. 4A and B) .
Discussion
The strawberry guava and Surinam cherry fruits showed the highest infestation indexes and allowed a better biological development of A. fraterculus under laboratory conditions, showing that native fruits are more susceptible to South American fruit flies. The definition of the three phenological stages of the four host fruits allowed to relate the infestation of A. fraterculus under field conditions with the biological study in the laboratory, although fruit development in the field is affected by several climatic factors such as temperature, rainfall, luminosity, etc.
Regarding the preference of A. fraterculus for native or exotic host fruits, Selivon (2000) found that populations of A. fraterculus sp. 2 collected in southern and southeastern Brazil were generally from nonnative hosts, occurring the contrary in the northeastern region. The relationship between the host plant and the insect is complex and can be affected by the specific ecological factors of each site. In this study, we observed that for the conditions in the Rio Grande do Sul State, A. fraterculus infested native fruits with greater intensity and precocity and in the specific case of Surinam cherry, infestation occurred in the 5th week after flowering in fruits of stage I. For small fruits, however, infestation occurred at low intensity, observed in phenological stages near ripeness.
In blueberry, during all stages of phenological development, we collected only three fruit flies in a single collection (13th week, stage III), which indicates a low infestation level (Table 2 ; Fig. 2 ). This is probably related to the fact that blueberry is an exotic species, introduced in Brazil in the 1980s (Madail and Santos 2004) and started to be grown commercially from the 1990s and, therefore, A. fraterculus, native to this region, is in the adaptation process to cultivation. The presence of A. fraterculus in blueberry is the first reference to a species of fruit fly infestation in Brazil, although fruit flies were already collected in traps installed in orchards (Bogus et al. 2008) . Species of fruit flies were found in other countries such as A. fraterculus and Ceratitis capitata (Wiedemann, 1824) (Diptera: Tephritidae) in blueberry orchards in Argentina (Vaccaro and Bouvet 2006) . C. capitata, Bactrocera dorsalis (Hendel, 1912) (Diptera: Tephritidae), and Bactrocera cucurbitae (Coquillet, 1849) (Diptera: Tephritidae) were used in experiments to assess susceptibility of blueberry to these pests in the United States (Follett et al. 2011 ).
In the lab, the larval development was also observed in stage III, where an average of 1.4 pupae per fruit was obtained from 84 infested fruits (Table 3) . The egg-adult developmental period was close to the phenological stage III of the other hosts; however, the period of oviposition, fecundity, and longevity were lower compared with the values observed in the native fruits in stage III (strawberry guava and Surinam cherry; Table 3 ; Fig. 4) . Thus, in a situation where females of A. fraterculus have no chance of choice, the blueberry had the larval development near the fruit maturation stage (stage III). Therefore, it is necessary to monitor if A. fraterculus can eventually adapt in this fruit.
For blackberry, infestation of A. fraterculus in fruits occurred in the phenological stage III in the 10th week after the first flowering; fruits in stage II also allowed the development of fruit fly in the 11th week, although only two pupae were recorded (Table 2; Fig. 2) . Blackberry, also an exotic species, however, unlike the blueberry, has native species to Brazil such as Rubus urticaefolius, Rubus erythroclados, Rubus brasiliensis, Rubus sellowii, and Rubus imperialis (Reitz 1996) that can host A. fraterculus, and therefore there is a better adaptation in blackberry cultivated, as demonstrated in this study, where infestation indices were higher ( Fig. 3A and B; Table 2 ). On the other hand, insect development also occurred in stage II, although the number of infested fruits and longevity period were lower than the values found in stage III in the lab (Table 3 ; Fig. 4 ). The remaining parameters evaluated seem to be close for the two stages. In strawberry guava, the beginning of the infestation of A. fraterculus occurred in the 13th week after first flowering (stage II) and after that, until the end of the harvesting, in both stages II and III ( Fig. 3C; Table 2 ). Although strawberry guava is nutritionally suitable for the development of the South American fruit fly (Salles 1995) , probably the larger number of insects observed is because of the ripeness period of the fruits, which extends until the end of March when the population insect possibly migrates from the peach orchards Prunus persica L. and plum tree Prunus domestica L., 1753 (Rosaceae) and other native fruit trees like Surinam cherry, blackberry, cherry from Rio Grande do Sul state, Brazil [Eugenia involucrata De Candolle, 1828 (Myrtaceae)] to the orchards of Surinam cherry (Salles 1995; Nava and Botton 2010) .The infestation indices for both developmental stages were high when compared with the other hosts, especially in Surinam cherry (Table 2 ; Fig. 2 ), but they were lower when compared with other studies. Nunes et al. (2012) and Garcia and Norrbom (2011) found 1.80 and 3.57 pupae per fruit, respectively. In the lab, the larval development also occurred in the phenological stages II and III; however, stage II was more infested than stage III and probably this explains the lower weight of pupae observed in stage II (Table 3 ). The egg-adult period and fecundity, despite significant differences, biologically can be considered negligible, as in both stages, fecundity is higher than that registered for papaya (294 eggs) and apple (330 eggs) and egg-adult period is similar to that recorded for papaya (28 d; Nunes 2010; Table 3 ). For longevity, we observed that both male and female insects reared in stage II had shorter longevity than those in stage III, indicating that for this parameter, ripe fruits apparently provide a better development of A. fraterculus, although in general the values of the biological parameters are close ( Fig. 4A and B) .
For Surinam cherry, the occurrence of A. fraterculus was observed in the 6th week after the first flowering, corresponding to the phenological stage II of development, and afterwards until the end of the harvesting. The fruits in stage I were also infested; however, this infestation occurred in the 8th week after the first flowering (Fig. 3D) . The infestation index for stages II and III was considered low when compared with 0.72 pupae per fruit determined for Surinam cherry by Nunes et al. (2012) , but similar to results found by Garcia and Norrbom (2011) , who observed 0.24 pupae per fruit (Table 2 ). In the lab, the larval development of A. fraterculus occurred in three maturation stages, similar to the occurrence observed in the field (Table 3 ; Fig. 3D ). However, based on the biological parameters such as weight of pupae, period of oviposition, fecundity, and longevity, the best development occurred in stage III, followed by stage II and finally stage I (Table 3 ; Fig. 4 ). The greater weight of pupae in stage III occurred due to smaller number of pupae in fruits, when compared with the other stages (Table  3) . Probably, smaller hosts such as small fruits and native fruits provide a lower food supply for the larval development, and consequently with the competition, the insects are smaller, thus, affecting fecundity and longevity, as observed in this work.
The analysis in laboratory and in the field showed that A. fraterculus is more harmful to native fruits than small fruits, although its presence should be monitored in all fruits, as phenological stages near fruit ripeness are susceptible to larval development.
